A B S T R A C T Uncultured human leukocytes contain no detectable cystathionine synthase activity. A method is described in which the addition of phytohemagglutinin (PHA) to short-term lymphocyte cultures results in a significant induction of enzymatic activity. This PHAstimulated activity has characteristics that resemble those previously described for cystathionine synthase of normal liver and cultured fibroblasts. Lymphocyte cystathionine synthase activity is completely dependent on the presence of homocysteine and is absent or severely deficient in extracts from individuals with the syndrome of homocystinuria. This system for induction of cystathionine synthase in lymphocytes thus provides a simple in vitro technique for (a) diagnosing homocystinuria, (b) studying the mechanism of enzyme regulation and differentiation, and (c) examining the nutritional and hormonal control of cystathionine synthase activity both in normal subjects and homocystinuric patients.
INTRODUCTION
Cystathionine synthase (E. C. 4 Received for publication 28 December 1971. University of Washington, urine (4) , and clinically by mental retardation, dislocation of the lens, thromboembolic episodes, and osteoporosis (3, 4) . Studies of cystathionine synthase have been limited by the need to work with postmortem material or liver biopsy specimens since previous attempts to detect enzyme activity in human blood leukocytes, platelets, and red blood cells have been unsuccessful (2, 5) . Uhlendorf and Mudd reported cystathionine synthase activity in cultured fibroblasts even though no activity was present in the original skin biopsy (6) . Their finding suggested to us that cystathionine synthase activity might be induced in short-term lymphocyte cultures by the addition of the mitogenic agent phytohemagglutinin (PHA),' and this report describes our studies with this system. METHODS Establishment of short-term lymphocyte cultures. Each lymphocyte culture was initiated from either 10 or 20 ml of peripheral blood. The blood was drawn into a heparinized (40 USP U heparin/ml blood) plastic syringe and allowed to sediment at 37'C for 90 min. The plasma leukocyte suspension (2-4 ml) was then inoculated into a sterile culture bottle and brought to a final volume of 24.5 ml with minimal Eagle's media containing 10% fetal calf serum2 (North American Biological Inc., North Miami, Fla.), 50 mm (N-tris [hydroxymethyl]methylglycine, pH 7.4, (Sigma Chemical Co., St. Louis, Mo.), penicillin (100 ,ug/ml), streptomycin (100 /Ag/ml), and 0. The time-course of the PHA-stimulated rise in cystathionine synthase activity is shown in Fig. 2 . Cystathionine synthase activity was first detectable at 72 hr after culture and rose rapidly over the subsequent 72 hr. Since maximal activity in the short-term culture of normal individuals occurred at 144 hr, this time point was used in all further studies. This induction of cystathionine synthase in normal lymphocytes was completely abolished by the addition to the culture at 0 time of either actino,mycin D (25 Ag/ml) or cycloheximide (50 /,g/ml), suggesting that this phenomenon required both RNA and protein synthesis.
The PHA-stimulated cystathionine synthase activity was completely dependent on the addition of homocysteine and was destroyed when a boiled extract was used as a source of enzyme (Table I , Experiment B). The omission of pyridoxal phosphate from the incubation reaction did not greatly alter the activity of a crude lymphocyte extract (Table I , Experiment A). The values for enzyme activity, under the conditions of assay, were not maximal, since the usual serine concentration was not saturating (Table I , Experiment C). The reaction rate was constant for as long as 6 hr and was proportional to protein concentration up to 0.6 mg (Fig. 3) . (0.30 mg protein) and additional components described in Methods. The lymphocyte extract was prepared from a 144 hr culture that was initiated from 10 ml of peripheral blood obtained from a normal individual. B. Relation between the concentration of lymphocyte extract and the rate of formation of cystathionine. Each reaction was incubated for 2 hr at 370C and contained in 0.1 ml: lymphocyte extract (protein concentration as indicated) and additional components described in Methods. The lymphocyte extract was prepared from a 144 hr culture initiated from 10 ml of peripheral blood obtained from a normal individual.
A comparison of cystathionine synthase activity of three unrelated patients with homocystinuria (each proved by classic clinical manifestations and by demonstration of elevated levels of homocystine and methionine in plasma and urine)' and 23 normal subjects (consisting of 10 males and 13 females, ranging in age from 15 to 55) is presented in Table II . Although the range of activity for normal subjects in lymphocytes is wide (90.8-888.6 pmoles cystathionine formed/mg protein per 4 hr), there is no overlap with the values of the three homozygotes with homocystinuria. Two of these homocystinurics (J. W., 20 yr old male, nonresponder to pyridoxine, and R. S., 20 yr old male, responder to pyridoxine) had no detectable activity, while the other patient (L. G., 15 yr old female, pyridoxine responder) consistently showed 1-2% normal activity. None of these homocystinurics were taking pyridoxine at the time of these enzyme studies. DISCUSSION A simple method is described for the induction of cystathionine synthase activity by PHA in short-term cultures of human lymphocytes. The induced enzyme has characteristics similar to that previously described for cystathionine synthase from human liver and cultured fibroblasts (1, 6) . Enzyme activity is completely dependent on the presence of homocysteine, it is destroyed by boiling an extract of normal human lymphocytes, and 'Scott, C. R. 1971. Personal communication. (6) . An understanding of the molecular basis of this unique aspect of the regulation of cystathionine synthase activity in cultures of lymphocytes and fibroblasts would surely advance the understanding of the mechanisms controlling mammalian differentiation.
The finding that patients with the syndrome of homocystinuria show absent or deficient induction of cystathionine synthase activity by PHA in short-term lymphocyte cultures indicates that this system can be used for tissue diagnosis of homozygotes with this disorder. Whether heterozygotes can be reliably identified by this method is currently under investigation in our laboratory.
This method may also be useful in studying the hormonal and nutritional control of cystathionine synthase in both normal subjects and mutants with homocystinuria. Of particular interest is the pyridoxine response that occurs in some, but not all homocystinuric patients given large doses of vitamin B6 (9) . On the basis of a limited number of enzyme studies in liver biopsies of two pyridoxine responders, Mudd has suggested that the observed pyridoxine-induced reductions in urinary and plasma concentrations of homocystine can be accounted for by a small enhancement (1-3%) of residual cystathionine synthase activity in the homocystinuric liver (9) . Since repeated samples of small amounts of peripheral blood are more readily available than repeated liver biopsies, the lymphocyte culture technique for studying cystathionine synthase may provide a system for the further study of the mechanism of this pyridoxine response.
